Functional magnetic resonance imaging (fMRI) has been used to infer age-differences in neural activity from the hemodynamic response function (HRF) that characterizes the blood-oxygen-level-dependent (BOLD) signal over time. BOLD literature in healthy aging lacks consensus in age-related HRF changes, the nature of those changes, and their implications for measurement of age differences in brain function. Between-study discrepancies could be due to small sample sizes, analysis techniques, and/or physiologic mechanisms. We hypothesize that, with large sample sizes and minimal analysis assumptions, age-related changes in HRF parameters could reflect alterations in one or more components of the neural-vascular coupling system. To assess HRF changes in healthy aging, we analyzed the large populationderived dataset from the Cambridge Center for Aging and Neuroscience (CamCAN) study (Shafto et al., 2014) . During scanning, 74 younger (18-30 years of age) and 173 older participants (54-74 years of age) viewed two checkerboards to the left and right of a central fixation point, simultaneously heard a binaural tone, and responded via right index finger button-press. To assess differences in the shape of the HRF between younger and older groups, HRFs were estimated using FMRIB's Linear Optimal Basis Sets (FLOBS) to minimize a priori shape assumptions. Group mean HRFs were different between younger and older groups in auditory, visual, and motor cortices. Specifically, we observed increased time-to-peak and decreased peak amplitude in older compared to younger adults in auditory, visual, and motor cortices. Changes in the shape and timing of the HRF in healthy aging, in the absence of performance differences, support our hypothesis of age-related changes in the neural-vascular coupling system beyond neural activity alone. More precise interpretations of HRF age-differences can be formulated once these physiologic factors are disentangled and measured separately.
Introduction
Functional magnetic resonance imaging (fMRI) has been used to investigate the physiologic basis of age-related changes in brain function. MRI signal is sensitive to the ratio of diamagnetic oxygenated-to paramagnetic deoxygenated-hemoglobin in the blood. Following neural activity, local deoxygenated-hemoglobin concentration increases causing local magnetic inhomogeneities and a decrease in signal on T 2 *-weighted images. Subsequent increases in local blood flow results in a higher ratio of oxygenated-to deoxygenated-hemoglobin and an overall increase in T 2 *-weighted signal. This blood-oxygen-level-dependent signal (BOLD) reflects the venous blood oxygenation and is influenced by cerebral blood flow, cerebral blood volume, and cerebral metabolic rate of oxygen (Davis et al., 1998; Hoge et al., 1999; Ogawa and Lee, 1990; Raichle, 1998) . The hemodynamic response function (HRF) characterizes changes in BOLD signal over time, typically peaking around three to five seconds after stimulus presentation (Hirano et al., 2011; Martindale et al., 2003; Yeşilyurt et al., 2008) .
Many studies have aimed to infer age-related changes in neural activity from the HRF. However, this inference relies on the assumption that all other components of the neural-vascular coupling system are ageequivalent (i.e., hemodynamic equivalence; Boynton et al., 1996; Logothetis, 2010) . The assumption that the HRF directly reflects neural activity may be reasonable in individual differences studies limited to younger healthy adults but may not be tenable in healthy older adults and diseased populations with known glial and vascular differences (Bonakdarpour et al., 2007; D'Esposito et al., 2003; D'Esposito et al., 1999; Hillman, 2014; Hubbard et al., 2016; Rypma and D'Esposito, 2001; Turner et al., 2018; Zou et al., 2011) . According to the hemodynamic-equivalence assumption, age-related differences in HRF peak amplitude would be interpreted as differences in neural activity alone. Alternatively, other studies have assumed neural equivalence by utilizing passive, sensory stimuli (e.g., visual and auditory). The assumption is that these stimuli place relatively minimal demands on the neural component of the neural-vascular unit (Buckner et al., 2000; Cunnington et al., 1995; Huettel et al., 2001; Ross et al., 1997; Rypma and D'Esposito, 2001) . According to the neural-equivalence assumption, HRF shape differences can be interpreted as changes in the glial and/or vascular components of the neural-vascular coupling system. Thus, interpretations of the HRF have been complicated by a priori assumptions across studies. To address the validity of these assumptions, one focus of investigation has been on age-related neural-vascular coupling differences and their underlying mechanisms (e.g. D 'Esposito et al., 1999; Huettel et al., 2001) .
Studies investigating age-related changes in the HRF have produced mixed results. For example, some studies observe age-related decreases in HRF amplitude in response to visual stimuli (Ances et al., 2009; Fabiani et al., 2014; Handwerker et al., 2007; Ross et al., 1997; Tekes et al., 2005; Ward et al., 2015) and motor tasks (Buckner et al., 2000; Hesselmann et al., 2001; Riecker et al., 2003; Tekes et al., 2005) , while others observe no significant differences (Aizenstein et al., 2004; Brodtmann et al., 2003; D'Esposito et al., 1999; Grinband et al., 2017; Huettel et al., 2001; Richter and Richter, 2003; Rosengarten et al., 2003; Schroeter et al., 2004) . Additionally, some studies observe age-related delayed time-to-peak (Handwerker et al., 2007; Taoka et al., 1998) while others observe accelerated time-to-peak (Huettel et al., 2001 ). Thus, studies of age-related changes in HRF shape have been inconsistent, both in detecting differences and determining the nature of those differences.
One explanation for between-study inconsistencies could be samplespecific age-related differences in any of the neural, glial, or vascular components of the neural-vascular coupling system. Efficient brain function requires finely-tuned communication between each component of this system to provide energy resources in the timely manner required by neurons to maintain ionic homeostasis during action potential firing at sub-millisecond rates (Attwell et al., 2010; Cauli and Hamel, 2010) . Thus, even minor perturbations in any component of the neural-vascular coupling system could result in age-related HRF alterations.
Beyond physiologic explanations, the current literature features a wide-variety of sample sizes, with most fMRI studies including 10-17 participants (David et al., 2013; Yarkoni and Braver, 2010) . Small sample sizes can lead to sampling bias and sample-specific results, potentially impeding replicability and accurate interpretations of results across studies (Yarkoni and Braver, 2010) . Results may also vary depending on study-specific HRF modeling methods. Some studies assume a rigid response function that can only model differences in response amplitude (i.e., the canonical HRF), whereas others use more flexible functions that allow for modeling of amplitude and timing parameters (i.e., finite impulse response models, basis sets; Grinband et al., 2017; Lindquist et al., 2009; Turner et al., 2018) . Between-study differences in HRF modeling methods could render inter-study comparisons misleading.
Beyond HRF model selection, results could depend on spatial normalization to standard space or region-of-interest (ROI) selection. For instance, one study observed significant age-related differences in HRF amplitude when images were transformed to standard space, but there were no observed differences when the data remained in subjects' native space (Liu et al., 2017) . The authors of this study concluded that the combination of age-related atrophy and spatial normalization created artifactual HRF amplitude differences. ROI selection criteria can also influence between-group differences in HRF shape or timing. The spatial extent of supra-threshold voxels may differ between participant groups. Therefore, whether studies average the signal across supra-threshold voxels or an entire functional or anatomical ROI can significantly impact the detection of HRF differences (Aizenstein et al., 2004; D'Esposito et al., 1999; Rypma and D'Esposito, 2001) . Accordingly, the goal of this study was to assess age-related HRF shape differences in a large population-based sample with flexible HRF modeling in native space, and careful consideration of ROI selection to adjudicate of the question of age-related HRF changes.
The current study utilizes the large dataset acquired from a population-based study, comprising 80 younger and 212 older healthy adults (Shafto et al., 2014) , to minimize sample-specific influences on results. During fMRI scanning, participants were presented with short bimodal (visual and auditory) sensory stimuli and responded via right index finger button-press to evoke responses in occipital, temporal, and precentral cortices. To circumvent a priori assumptions of HRF shape, we modeled the event-related data using flexible basis sets (FSL-FLOBS), with the only constraint being sensible HRF shape (Woolrich et al., 2004) . Both supra-threshold and anatomical ROIs were used to assess influences of ROI selection criteria on age-related HRF results. We observed significant age-related differences in HRF shape and timing parameters in occipital, temporal, and precentral regions. With no age-related performance differences, we assumed neural equivalence during these sensory tasks. Results suggest that neural-vascular coupling is probably not consistent between healthy younger and older adults.
Methods

Participants
Samples of younger (18-30 years of age) and older (54-74 years of age) participants were taken from the population-derived Stage 2 sample of the Cambridge Center for Aging and Neuroscience (CamCAN) repository (available at http://www.mrc-cbu.cam.ac.uk/datasets/camcan/ ; Shafto et al., 2014; Taylor et al., 2017) . All participants were fluent in English and screened for cognitive impairment, neurological and psychiatric diagnoses, history of substance abuse, and fMRI contraindicators (for complete information see Shafto et al., 2014) . Additionally, participants with vision (corrected vision of 20/100 or worse with both eyes) or hearing (failing to hear 35 dB at 1000Hz in either ear or had a non-removable hearing aid) problems, which could affect their ability to participate in experiments, were excluded from the study. If necessary, correction eye goggles were worn in the scanner. Due to brain segmentation and parcellation abnormalities, 6 younger and 25 older participants were excluded from analysis. An additional 1 younger and 14 older participants were excluded due to negative response (see 2.3 Analysis for further details). A final sample of 74 younger participants (18-30 years of age; M ¼ 25.41, SD ¼ 3.58, 33 males, 40 females) and 173 older participants (54-74 years of age; M ¼ 63.72, SD ¼ 6.00, 100 males, 73 females) were included in the study (See Table 1 ).
Imaging data and acquisition
Magnetic resonance imaging (MRI) was collected as part of a onehour session in a 3T Siemens TIM Trio scanner with a 32-channel head-coil. High-resolution 3D T1-weighted structural images were acquired using Magnetization Prepared Rapid Gradient Echo (MPRAGE) The audio/visual sensorimotor task consisted of 120 bimodal trials and eight unimodal trials. The timing of trials was optimized for fMRI impulse response estimation by generating a sequence of stimulation and null trials using a 255-length m-sequence (Buracas and Boynton, 2002) with m ¼ 2 and minimal stimulus onset asynchrony (SOA) of 2 s, (SOA range ¼ 2-26 s). The order was identical across subjects. In 40 pseudorandomly-ordered bimodal trials participants saw two checkerboards to the left and right of a central fixation point (34 ms) and heard a 300 ms binaural tone at 1200 Hz. Age-related pure-tone hearing loss is consistent between 300 and 1200Hz, thus we focused on one auditory frequency (Brant and Fozard, 1990) . Participants were instructed to focus on a central fixation cross and respond via right index finger if they heard or saw any stimuli. For further details see Shafto et al. (2014) and Taylor et al. (2017) .
Analysis
All preprocessing was done in FMRIB Software Library (FSL v5.0.9; Oxford, UK; Jenkinson et al., 2012) . Time-series of images were slice-time corrected, motion-corrected with Motion Correction using FMRIB's Linear Image Registration Tool (MCFLIRT; Jenkinson et al., 2002) , high-pass filtered (100s) to remove low-frequency noise, spatially smoothed with Gaussian kernel (5 mm), skull-stripped using Brain Extraction Tool (BET; Smith, 2002) and co-registered to each participants' MPRAGE structural image; thus each image remained in native space throughout analysis (Liu et al., 2017 ). FMRIB's Linear Optimal Basis Sets (FLOBS; Woolrich et al., 2004) was used to create a FLOBS-generated basis set for Hemodynamic Response Function (HRF) convolution (number of basis functions Fig. 1 ). Based on singular value decomposition, the first three eigen functions contain 99.5% of the variance (Woolrich et al., 2004) . Voxel-wise time-series was input into FMRIB's Expert Analysis Tool (FEAT) with temporal autocorrelation correction (FILM prewhitening; Woolrich et al., 2001) , and regressed with each stimulus onset and motion parameters from MCFLIRT as nuisance covariates. We corrected for multiple comparisons using cluster analysis (z-thresh ¼ 2.3 with clusterwise p < .05).
Cortical parcellation was done using Freesurfer (Desikan et al., 2006; Fischl et al., 2004) . For each subject, regions of interest (ROI) were defined as the occipital, temporal and left-hemisphere (LH) precentral lobes as defined by Freesurfer. All subsequent data analysis was done using in-house code written in MATLAB (R2016a, The Mathworks, Natick MA). Participants' HRFs were created using the parameter estimates and FLOBS basis functions (i.e., pe1*f1þpe2*f2þpe3*f3). Each participant's HRF (ΔBOLD) was normalized to their voxel-wise baseline mean (resting) signal resulting in each HRF reflecting %BOLD change. An average HRF was calculated across each ROI and smoothed via a moving average filter (span ¼ 1s). HRF parameters of interest (see Fig. 1 ) were calculated from each smooth HRF and included peak amplitude, time-to-peak, rise slope, trough amplitude, time-to-trough, fall slope, peak-to-trough, full width half maximum of the peak (FWHM), and area under curve (AUC). A participant was excluded from the group if he or she exhibited no significant activation in the ROI and thus a negative peak amplitude (D'Esposito et al., 2003) .
To assess ROI influence, two criteria for ROI selection were used: (1) anatomical (occipital, temporal, or LH precentral lobes); (2) significant voxels (whole brain voxel-wise thresholding; p < .05) masked by the anatomical ROI. Group mean HRF curves from each ROI were calculated from all participants that exhibited a positive peak amplitude. Due to previous research reporting differences in volumes between young and old (Coffey et al., 1992; Ge et al., 2002) , and to test for any significant interactions between age and volume, a one-way analysis of covariance (ANCOVA) was conducted with respective ROI volumes as the covariate. To increase power while also controlling for multiple comparisons, a Holm-Bonferroni procedure was used to test for significant age differences of all nine HRF parameters (Holm, 1979) . ROI volumes for each participant were mean-centered within group to allow for detection of interactions. Cohen's d effect sizes were computed using pooled standard deviations adjusted for unequal sample sizes with 95% confidence intervals.
Monte Carlo Analysis
Considering the inconsistency in HRF shape differences between younger and healthy older groups among studies, we assessed the effect of sample size differences based on those found in the literature. Thus, we performed a Monte Carlo analysis of each HRF parameter (see 2.3 Analysis and Fig. 1 ) using the large population-based sample (see 2.1 Participants). We randomly selected n ¼ 10, 20, 30, 40, 50, 60 , and 70 per group to simulate representative sample sizes in literature. Random selection was repeated 10,000 times and significant age-group differences were calculated at each iteration using two-sample independent t-tests (p < .05). Finally, the probability of finding a significant difference for each sample size was calculated as the number of significant iterations per 10,000 trials.
Results
In the occipital ROI, healthy older participants had a delayed and decreased response along with a reduced undershoot and longer return to baseline compared to younger participants ( Fig. 2A) . In the temporal and LH precentral ROIs, we also observed a delayed onset and return to baseline but minimal differences in response amplitude in healthy older participants compared to younger participants ( Fig. 2B and C) . Fig. 2D -I display the HRFs from all participants with included participants displayed as colored lines and excluded participants as black lines (See 2.3 Analysis). From these plots it is apparent that only one young participant was excluded for non-significant/negative peak amplitude while there were 14 healthy older participants that displayed a negative response. This illustrates the flexibility of our basis set modelling and suggests that the healthy older group exhibited higher variance and a less canonical . Hemodynamic Response Functions across (blue) young and (orange) healthy older adults in A) the occipital region of interest in response to a checkerboard stimulus for 34 ms, B) the temporal region of interest in response to 300 ms binaural tone at 1200 Hz, and C) the LH precentral region of interest due to right-index finger button-press response with the (solid line) mean and (shading) standard error of the mean. All regions display significant HRF differences between groups. All individual HRF are displayed from (D,E,F) young and (G,H,I) old participants with black lines representing negative response participants removed from further analyses.
K.L. West et al. NeuroImage 188 (2019) 198-207 HRF response compared to the younger group (D'Esposito et al., 1999) . These excluded older participants had no difference in age or task performance compared to the included older participants. Further analysis showed that the lack of supra-threshold BOLD in the ROI of these individuals was due to a significantly higher standard deviation across the timeseries, indicating a noisy signal. Analyses of occipital HRF parameters between younger and healthy older groups showed significant differences in peak amplitude [F(1, 243 Fig. 3 and Table 2 . There were no significant interactions between age-group and occipital ROI volume for any of the HRF parameters.
Analyses of temporal HRF parameters between younger and healthy older groups show significant differences in time-to-peak Fig. 3 and Table 2 . There were no significant interactions between age-group and temporal ROI volume for any of the HRF parameters. There were no significant age-related differences when including only left-or right-hemisphere occipital or temporal lobes compared to the bilateral ROI (See Supplemental Fig. 4) .
Analyses of LH precentral HRF parameters between younger and healthy older groups show significant differences in time-to-peak [F(1, 250 Fig. 3 and Table 2 . There were no significant interactions between age-group and LH precentral ROI volume for any of the HRF parameters.
We considered the potential impact of age-related increases in motion on the current results (D'Esposito et al., 1999; Power et al., 2012; Van Dijk et al., 2012) . Rotation parameters were converted from radians to mm (Power et al., 2012) and root mean square (RMS) displacement was calculated from the 6 (3 rotation and 3 translation) realignment parameters from MCFLIRT (see 2.3 Analysis) across all timepoints. Older individuals had significantly higher (p < .003) RMS displacement (mean ¼ 0.172 mm, SEM ¼ 0.009 mm) compared to younger individuals (mean ¼ 0.123 mm, SEM ¼ 0.013 mm). However, all individuals had <0.85 mm RMS displacement and >98% of individuals had <0.5 mm RMS displacement, which is minimal compared to the 3 mm voxel size. Additionally, RMS displacement did not correlate with any of the HRF parameters in either younger or older individuals, suggesting minimal age-related impact of motion on the current data.
To assess the effect that sample-size contributes to discrepant findings K.L. West et al. NeuroImage 188 (2019) 198-207 in the literature concerning HRF shape differences between younger and healthy older groups, we performed a Monte Carlo analysis (see 2.4 Monte Carlo Analysis). Results are illustrated in Fig. 4A for occipital ROI, Fig. 4B for temporal ROI, and Fig. 4C for LH precentral ROI. These results show the probability of finding a significant difference between younger and healthy older groups for each HRF shape parameter with different sample sizes (i.e., n ¼ 10 subjects per group). The range of typical samples sizes in fMRI studies is shaded in gray. Truly non-significant differences between younger and healthy older groups remain relatively flat, near 5%, across sample sizes. The consistency of observing significant age differences in HRF parameters increases as sample size increases but varies considerably across parameters and ROIs. For example, a study aiming to assess potential age differences in peak amplitude in the occipital ROI with n ¼ 20 per group, will observe a significant difference (p < .05) about half of the time. However, with n ¼ 60 per group, a truly significant age difference in peak amplitude will be observed >95% of the time. Thus, sample size makes a significant contribution to detection and characterization of HRF differences between age groups. Results from statistical analyses of behavioral data from the audiovisual button-press task are displayed in Table 1 and Supplemental Fig. 5 . There was no significant difference (p > .59) in reaction time (RT) between younger (mean ¼ 304.78 ms, SEM ¼ 7.38 ms) and healthy older participants (mean ¼ 309.30 ms, SEM ¼ 5.27 ms). There was also no significant difference (p > .75) in accuracy (% correct trials) between younger (mean ¼ 99.17%, SEM ¼ 0.62%) and healthy older participants (mean ¼ 98.99%, SEM ¼ 0.26%). Thus, healthy older participants' performance nearly equaled that of younger participants in the sensorimotor task and we did not observe any significant correlations between RT or accuracy with any HRF parameters. Previous work has shown that multisensory integration processing is enhanced in older adults compared to younger adults (Diaconescu et al., 2013) . While older adults have more difficulty using selective attention to filter distracting sensory information (Hasher et al., 1991) , older adults appear to benefit more from congruent multisensory stimuli. For example, when previously distracting extraneous sensory information becomes task-relevant and helpful, older adults exhibit larger gains and improved task performance. While this multisensory integration hypothesis may explain the lack of age-related behavioral differences, the neural mechanisms remain unclear (Diaconescu et al., 2013; Diederich et al., 2008; Laurienti et al., 2006; Peiffer et al., 2007) .
Discussion
In the present study we assessed population-based, age-related changes in BOLD-HRF shape and timing using the sensorimotor functional MRI data from the CamCAN dataset (Shafto et al., 2014) . To our knowledge, this is the largest functional neuroimaging study yet to assess age-related changes in BOLD-HRF shape. Most previous cognitive aging studies have utilized the canonical HRF to model the BOLD response, which inherently assumes age-invariant HRF timing and age-equivalent neural-vascular coupling (D'Esposito et al., 2003; Lindquist et al., 2009 ). To test this assumption, we used FLOBS modeling to minimize a priori assumptions of HRF shape. There were significant age-related HRF differences in the occipital, temporal, and precentral ROIs. There were no significant differences in performance between younger and healthy older participants. Together, these results suggest that age-equivalent HRF modeling assumptions are not tenable, and more importantly, that the HRF is providing information about broad physiologic changes in the aging brain. To wit, age differences in the BOLD response might be a greater reflection of age differences in the neural-vascular coupling unit than simply changes in neural activity (Attwell et al., 2010; Fabiani et al., 2014; Hillman, 2014; Logothetis, 2008 Logothetis, , 2010 .
In this study we assessed age-differences in HRF shape parameters. We observed age-related decreases in occipital peak amplitude that are consistent with previous studies (Ances et al., 2009; Fabiani et al., 2014; Handwerker et al., 2007; Hutchison et al., 2012; Ross et al., 1997; Tekes et al., 2005; Ward et al., 2015) . Theoretically speaking, age-related changes in HRF peak amplitude could reflect alterations in neural K.L. West et al. NeuroImage 188 (2019) 198-207 activity, glial communication, vascular response, or, more probably, a combination of these. While BOLD data cannot directly assess neural activity, behavioral results from the present study showed age-equivalent performance, suggesting minimal contribution of neural input to the BOLD HRF. Moreover, previous studies have shown minimal or no age-related changes in occipital-cortex neural activity using electroencephalography and magnetoencephalography during simple visual tasks similar to those used here (e.g., Gao et al., 2018; Jorge et al., 2017; Mitchell et al., 1987; Puligheddu et al., 2005) . Thus, differences in occipital peak amplitude probably reflect a greater contribution from age-related neural-vascular coupling changes than neural changes. Additionally, known changes to vascular reactivity, tortuosity, and density (Ances et al., 2009; Brown and Thore, 2011; D'Esposito et al., 2003; Fang, 1976; Farkas and Luiten, 2001; Hillman, 2014) , and minimal anatomical age-related differences in the occipital ROI (Fjell et al., 2009; Saunders et al., 1999) provide converging evidence to support the hypothesis of age-related neural-vascular uncoupling in occipital cortex. Age-related decreases in HRF peak amplitude could reflect decreases in vascular dilation (Devor et al., 2005; Metea and Newman, 2006) or a decreased ratio of extracted oxygen from capillaries relative to neural activity (Griffeth and Buxton, 2011; Hyder et al., 2001; Lu and van Zijl, 2005; Trapp and Stys, 2009 ). Moreover, MRI research using dual-echo methods, that permit measurement of both neural and vascular BOLD components, provide evidence that, due to its dependence on cerebral blood flow, BOLD does not faithfully reflect neural activity alone in older adults (Hutchison et al., 2012) . Thus, age-related differences in BOLD amplitude provide valuable evidence of physiologic changes and probably reflect the integration of changes in the neural, vascular and glial components of the neural-vascular coupling system. In contrast to the occipital ROI, we did not observe significant peakamplitude decreases in the temporal or precentral ROIs. Region-specific changes in HRF amplitude have also been observed in other studies (Buckner et al., 2000) suggesting regional variation in age-related vascular, neural, or neural-vascular coupling changes. Using the same CamCAN dataset as we used here, another study also observed similar region-specific age-related signal amplitude differences (Price et al., 2017) . A separate study found that hemodynamic alterations accounted for BOLD variability among older participants in some regions but not others (Kannurpatti et al., 2010) . Thus, evidence suggests regional variability in both the extent of age-related BOLD amplitude differences and the underlying causes of these differences.
In both the time-to-peak and time-to-trough parameters, we observed age-related delays in the occipital, temporal, and precentral ROIs (Handwerker et al., 2007; Li et al., 2018; Taoka et al., 1998) . Previous studies utilizing sensorimotor tasks have suggested that HRF latency reflects age-related vascular alterations (Kannurpatti et al., 2010; Taoka et al., 1998) . MEG studies during similar audiovisual tasks have not observed age-related latency differences (Diaconescu et al., 2013; Stephen et al., 2010) , suggesting age-equivalent neural activity. In contrast, age-related latency differences were observed in MEG studies from the same CamCAN dataset (Price et al., 2017) . That study, however, employed a broader age-range sample than we utilized here, suggesting that latency delays may develop in older samples than those used here. More work is certainly needed to understand age-related changes between neural activity, vascular activity, and latency differences in BOLD.
Overall, the time-to-peak latency of the HRF reflects a delay of the system to reach maximal oxygen perfusion, possibly due to disrupted vasodilatory signals from glial cells (Bonakdarpour et al., 2007; Devor et al., 2005; Metea and Newman, 2006) or reduced efficiency of neuronal oxygen extraction from capillaries (Griffeth and Buxton, 2011; Hyder et al., 2001; Lu and van Zijl, 2005; Trapp and Stys, 2009 ). Without energy storage, neurons depend on the finely-tuned neural-vascular coupling system to provide the energy resources (O 2 and glucose) necessary to maintain high-frequency firing rates and restore membrane potentials (Engl and Attwell, 2015) . Thus, age-related latency differences in MEG and HRF data, suggesting delayed neuronal firing and vascular reactivity, might originate from changes to the neural-vascular coupling unit.
There were no significant age differences in the peak-to-trough duration in occipital and temporal ROIs. That is, older adults showed a constant delay with a time-shifted HRF onset but maintain similar duration as younger adults. In the same CamCAN dataset, a constant agerelated delay was also observed in MEG data from the visual region, but the auditory response displayed a cumulative delay, wherein response delay increased over time (Price et al., 2017) . However, MEG data reflect responses within 200 ms of stimulus onset whereas HRF data reflect responses within 2-20 s of stimulus onset precluding direct comparison. Thus, although the exact mechanism cannot be elucidated from HRF or MEG data, decreases in amplitude and response latency of the HRF suggest age-related alterations to the neural-vascular coupling system, such as changes in vascular reactivity, oxygen extraction, or glial communication that could affect neural activity.
Age-related HRF differences in the current study are in direct contrast to another similar study in which participants (n ¼ 55 young, 34 old) were presented with visual and auditory stimuli but with additional Fig. 4 . Monte Carlo analysis in (top) occipital, (middle) temporal, and (bottom) left hemisphere precentral regions of interest. Curves display probability from 10,000 iterations of finding a significant difference between healthy young and older adults for each HRF parameter based on sample sizes (typical study sample sizes shaded in gray).
instructions to attend to only one stimulus (visual or auditory) at a time. That study also included a relatively large sample size and also intended to minimize a priori HRF assumptions using FSL-FLOBS to model the BOLD response . However, the HRF for each participant was constrained to originate at 0 and was normalized to peak at 1, which maintains HRF timing differences but removes variation in amplitude. Thus, this manipulation precluded assessment of age differences in peak amplitude and slopes, two parameters our results suggest are important to consider when measuring age-related HRF shape differences. Indeed, as they point out in a post-hoc power analysis, excessively large numbers of subjects would be required to detect differences in parameters that have been constrained a priori to be equal. Despite these manipulations, the authors concluded that neural-vascular coupling is uniquely impervious to aging. Manipulations like these highlight the importance of analysis technique choices and the influences they have on study conclusions and between-study comparisons.
Differences in analysis techniques provide one explanation for discrepancies in the literature in HRF shape. One choice in analysis of fMRI data is ROI selection. Previous work has demonstrated age-related differences in the spatial extent of BOLD response, underscoring the importance of ROI selection in analyses and between-study comparisons (Aizenstein et al., 2004; D'Esposito et al., 1999; Ross et al., 1997) . To address this issue, in addition to the anatomical ROI-averaged HRF results presented above, we performed the same analysis including only supra-threshold voxels (See 2.3 Analysis). Including only supra-threshold voxels resulted in increased peak and trough amplitudes compared to anatomical ROI amplitudes, but the same age-related differences for HRF parameters (see Supplemental Figs. 2-3) . Thus, neither spatial extent nor the proportion of voxels with a negative BOLD response had a significant impact on the HRF characteristics. Nonetheless, these remain important considerations for age-or disease-comparative functional imaging studies.
Differences in whole brain or anatomical ROI volumes could also influence detection of age-related HRF changes. As seen in Table 1 , there were significant age-related decreases in whole brain and anatomical ROI volumes, similar to previous studies (Coffey et al., 1992; Ge et al., 2002; Raz et al., 1997) . However, when variability due to ROI volume differences was accounted for in each HRF parameter (See 2.3 Analysis; ANCOVA), there were no significant interactions between age and volume. These results suggest that, although volume and HRF characteristics change with age, the effect of age on HRF parameters does not depend on anatomical ROI volume. This relationship might change in the sequelae of age-related disease (Johnson et al., 2000) . Age-related atrophy could also influence detection of HRF differences if images are not assessed in native space (Liu et al., 2017) . Thus, age-comparative studies that transform images to standard space could bias results, contributing to some of the discrepant findings in the literature.
Differing sample sizes between studies could also contribute to the discrepancies in BOLD literature. The power of a study is in direct relation to the effect size, statistical significance threshold, measurement reliability, and sample size. While effect size is mostly inherent to the contrast of interest, other variables can be controlled using statistical and experimental methods (e.g., sample size; Yarkoni and Braver, 2010) . Our Monte Carlo simulations highlight the impact of typical sample sizes (n ¼ 10-17) on the interpretation of BOLD-HRF results (see shaded area in Fig. 4 ; David et al., 2013; Yarkoni and Braver, 2010) . For example, these simulations show that, in a study assessing age-differences with 10 participants per group, all HRF parameters would have <50% probability of detecting true significant between-group differences. Thus, according to these simulations, discrepant findings would be expected in a literature consisting of sample sizes of~10-20 participants. Our analysis shows that, as the number of participants increases, the probabilities of finding significant occipital ROI differences in the HRF parameters asymptote with fewer subjects compared to those probabilities in the temporal ROI, reflecting regional differences in effect sizes. Conversely, age-equivalent HRF parameters (i.e., peak-to-trough) exhibit a greater chance of producing false positives with small sample sizes. Although these results may appear intuitive, they highlight empirically the importance of large-sample size imaging studies (e.g., >50 participants/group) for veridical between-group comparisons. Additionally, there is variability between ROIs in the power of age-related HRF differences. For example, HRF amplitude parameters show more significant age-related differences with smaller sample sizes in the occipital ROI, whereas the HRF time parameters show more significant age-related differences with smaller sample sizes in the temporal and precentral ROIs. Thus, the current Monte-Carlo simulations provide one explanation for the discrepancies in age-related HRF differences found in the literature.
Overall, careful considerations of HRF analysis techniques, ROI selection, and sample size are needed for the most informative inter-study comparisons of age-differential results. Beyond statistics and methodology, BOLD HRF arises from the finely-tuned interplay between the cellular structures that comprise the neural-vascular coupling system. Age-related alterations in any of the vascular, neural, or glial components of the neural-vascular coupling system could lead to observed changes in the BOLD HRF.
Age differences in the HRF probably do not arise exclusively from age-related changes in neural activity or vascular response. Several studies have shown consistent age-related changes in vascular reactivity, blood flow, and tortuosity (Brown and Thore, 2011; Fang, 1976; Farkas and Luiten, 2001; Hillman, 2014; Iadecola, 2017; Thore et al., 2007) that, independent of neural activity, could lead to age-related HRF differences (D'Esposito et al., 2003; D'Esposito et al., 1999; Uluda g et al., 2004) . Further, one study showed that the relative contributions of neural or vascular age-differences are region specific (Kannurpatti et al., 2010) . The numerous underlying physiologic mechanisms that could lead to changes in the shape and timing of the HRF necessitate further investigation with advanced imaging techniques, such as calibrated fMRI. These advanced techniques permit direct assessment of age-differences in the neural and vascular factors underlying BOLD signal (Ances et al., 2009; Gauthier and Hoge, 2012; Hoge et al., 1999; Hubbard et al., 2017; Hutchison et al., 2012; Wise et al., 2013) . This work in humans, combined with study of model systems in rodents and primates (Chen et al., 2014; Peters and Sethares, 2002 , suggests that interpretations of HRF age-differences as reflecting differences in neural activity alone are insufficient to explain the brain-basis of cognitive aging. In light of this new knowledge, more precise interpretations of HRF age-differences can be formulated once the effects of age on the underlying physiologic factors are understood, disentangled, and measured separately.
Conclusions
In a large-scale population-based study, we observed differences in the HRF shape and timing between healthy younger and older groups during an audiovisual task. Significant age-related HRF differences without performance differences suggest alterations to the neuralvascular coupling system in healthy aging. These results provide the strongest evidence to date that BOLD should not be interpreted as changes in neural activity alone. Using Monte Carlo simulations, we also demonstrated the impact of small sample-size studies in the current literature on meaningful inter-study conclusions. Studies that aim to elucidate the exact physiological mechanism underlying HRF shape and timing differences will provide new insights of age-related changes in brain function and their relationship to cognitive performance.
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